Abstract. Information on the accuracy of meteorological observation is essential to assess the applicability of the measurements. In general, accuracy information is difficult to obtain in operational situations, since the truth is unknown. One method to determine this accuracy is by comparison with the model equivalent of the observation. The advantage of this method is that all measured parameters can be evaluated, from 2 m temperature observation to satellite radiances. The drawback is that these comparisons also contain the (unknown) model error. By applying the so-called triple-collocation method (Stoffelen, 1998), on two independent observations at the same location in space and time, combined with model output, and assuming uncorrelated observations, the three error variances can be estimated. This method is applied in this study to estimate wind observation errors from aircraft, obtained utilizing information from air traffic control surveillance radar with Selective Mode Enhanced Surveillance capabilities (Mode-S EHS, see de Haan, 2011). Radial wind measurements from Doppler weather radar and wind vector measurements from sodar, together with equivalents from a non-hydrostatic numerical weather prediction model, are used to assess the accuracy of the Mode-S EHS wind observations. The Mode-S EHS wind (zonal and meridional) observation error is estimated to be less than 1.4 ± 0.1 m s −1 near the surface and around 1.1 ± 0.3 m s −1 at 500 hPa.
Introduction
Quantifying observation errors is of major importance to correctly use or interpret the measured information. For example, the optimal use of observations in assimilation, using variational techniques, is directly related to the assignment of the correct observation error values. An underestimation of the error will result in a model initialization, which is too tight to the observation, while an overestimation of the error will result in a too weak constraint and thus observations will not be optimally exploited. Determining the measurement error can be performed in laboratory environments, which try to mimic the reality as well as possible. Intercomparison studies can also serve as a valuable source for information on the error characteristics of an observation (Nash et al., 2005) . Benjamin et al. (1999) compared collocated pairs of aircraft wind observations from the Aircraft Communications, Addressing, and Reporting System (ACARS) and showed an observation error of a single horizontal component of wind of 1.1 m s −1 near the surface and an observation error of 1.8 m s −1 at 10 km altitude. Drüe et al. (2007) showed that systematic deviations in wind measurements obtained through Aircraft Meteorological Data Relay (AMDAR) can be regarded as an error vector, which is fixed to the aircraft reference system. They found systematic deviations in wind measurements from different aircraft types (more than 0.5 m s −1 ) parallel to the flight direction. Note that AMDAR and ACARS refer to the same type of data. Furthermore, Drüe et al. (2010) found a wind vector difference between AMDAR and a radio acoustic sounding system (RASS) of 2-2.5 m s −1 . In addition, de Haan (2011) showed that the accuracy of wind observations derived from an air traffic control surveillance radar with Selective Mode Enhanced Surveillance capability (Mode-S EHS) were around 2-2.5 m s −1 , when compared to radiosonde and numerical weather model data. Stone and Pearce (2016) , who locally received the Mode-S EHS-derived data, have similar statistics when comparing the Met Office UKV model to AMDAR (2.45 ms −1 for Mode-S EHS and 2.12 ms −1 for AMDAR). The accuracies found in these studies were relative to the other observed measurements (or model) and include these errors. The real error with respect to the truth is hard (if not impossible) to measure.
A method to avoid the information on the truth while estimating the uncertainty of three collocated observations in space and time was developed by Stoffelen (1998) . The only requirement on the three data sets is that they are not correlated. Most triple-collocation data sets consist of two measurement systems and a numerical weather prediction (NWP) model. Several studies have been performed using this method (Vogelzang et al., 2011; Roebeling et al., 2012; Draper et al., 2013) for different kinds of observation. In this paper the observation error of wind measurements from Mode-S EHS, based on triple collocation with NWP and sodar or radar, will be presented.
Although radiosonde observations are regarded as a reference in meteorology, these observations are not exploited in this study. At present, due to budget cuts, only one launch per day at 00:00 UTC is performed. At that time the number of aircraft landing at or departing from Schiphol airport is very low (i.e. 01:00 LT or 02:00 LT depending on summeror wintertime), and thus this will hamper the number of collocations, especially in the boundary layer. Furthermore, the distance between the radiosonde launch site (De Bilt) and the airport is more than 30 km. Nevertheless, radiosonde observations are a valuable source for detecting model deficiencies (see e.g. Houchi et al., 2010) . The sodar is installed at Schiphol airport. This paper is organized as follows. In Sect. 2 the data are described. In Sect. 3, the methodology is discussed; that is, the triple-collocation method, the method of collocation, and the assumptions made are described. The results of the triple collocation are presented in Sect. 4. The last section is dedicated to the conclusions and outlook.
Data
In this section the data sources used in the present study are described. First a description is given of Mode-S EHS observations, followed by radar and sodar. The used NWP model is described last.
Aircraft-derived data (Mode-S EHS)
Aircraft are equipped with sensors for flight efficiency and safety. For this purpose, an aircraft measures the speed of the aircraft, its position, and ambient temperature and pressure. For a few decades a selection of these observations are transmitted to a ground station using the AMDAR system. An atmospheric profile can be generated when measurements are taken during take-off and landing. See Painting (2003) for more details. Recently, a new type of aircraft-related meteorological information has become available, which originates from observations inferred from a tracking and ranging radar used for air traffic control. These data are called Mode-S EHS because they use the Selective EnHanced Surveillance Mode of the radar (de Haan, 2011) 1 . Mode-S EHS observations are received through the aircraft surveillance system triggered by a secondary surveillance radar (SSR) to track and interrogate aircraft. The SSR sends a request for information on for example aircraft identification, heading, and air speed. From this information wind and temperature information can be derived from the position of the aircraft reported by heading, ground track, and true air speed. Heading is the direction the nose of the aircraft points to; true air speed is the speed of the aircraft with respect to air, and the ground track is the motion of the aircraft relative to the ground. The wind vector is the difference between the motion of the aircraft relative to the ground and its motion relative to the air (defined by the airspeed and heading). To obtain high-quality wind information, the heading and airspeed are corrected as described in de Haan (2011 described in de Haan ( , 2013 . The derived temperatures are of lower quality due to the method of derivation de Haan (2011). Another method to derive temperature information has been developed by Stone and Kitchen (2015) where the height and pressure information available in Automatic Dependent Surveillance Broadcast (ADS-B) was exploited to estimate a mean-layer temperature. They found that a meanlayer temperature of a 2 km thick layer can be obtained with an error of around 1 K.
An SSR has a typical interrogation frequency of once every 4 to 20 s. Consequently, wind and temperature are observed at these same rates, and with a typical cruising speed of 250 m s −1 the horizontal resolution of these data is between 1 and 5 km, for a single tracking radar. Note that data points are removed by quality control, related to for example turning of the aircraft. Nevertheless a large number of observation pass quality control (about 20 %). See de Haan (2011 for more details.
The difference between Mode-S EHS and AMDAR lies in the method of retrieving the data. AMDAR data are transmitted through a dedicated relay system, and AMDAR observations are initiated on request of the meteorological community. Not all aircraft are AMDAR equipped; only selected aircraft have the AMDAR software implemented on their onboard computer.
The focus of this paper is on wind, although (mean-layer) temperature is also available in Mode-S EHS or ADS-B information; temperature will be investigated in future research.
Radar and sodar
A Doppler weather radar is capable of determining one component of the velocity of scattering particles. Only the ve-locity component along the line of sight, the so-called radial velocity, can be determined. A Doppler radar is commonly associated with measurements of frequency shifts because of the low velocities of hydrometeors. However, these shifts cannot be observed directly. The phase of the scattered electromagnetic waves is employed to determine the Doppler frequency shift instead. During pulse-pair processing, the velocity is effectively deduced from the phase jump of the received signal. The unambiguous velocity interval of the instrument, especially for C-band radars, is enhanced by applying a dual-pulse repetition frequency (PRF). The two Royal Netherlands Meteorological Institute (KNMI) radars are Cband with a wavelength of 5.3 cm. The high PRF is chosen to be four-thirds of the low PRF, resulting in an unambiguous velocity of 4 times the low PRF unambiguous velocity, which is 23 m s −1 for the lowest elevations and 47 m s −1 for the highest elevations. The PRF also determines the unambiguous range of the radar, which is 240 km for the lowest elevations and reducing to 120 km for the highest elevations. The radar beam will have an increasing height with increasing distance to radar due to the curvature of the earth.
A sodar (sonic detection and ranging) is a ground-based remote-sensing instrument for measuring wind and turbulence in the lower atmosphere. A mono-static sodar is operated and maintained by KNMI at Amsterdam Airport Schiphol (AAS) since March 2006. A sodar emits short acoustic pulses into the atmosphere and receives atmospheric echoes generated by small-scale density fluctuations that are associated only with thermally driven turbulence, which is not always present. The transmitted signals can be phase shifted to point the beam in different directions. At Schiphol, three are in use for the instrument, and one antenna is oriented vertically. The zenith angle of the other beams is dependent on the transmit frequency and varies between 10 and 30 • . The distance of the measuring volume is determined from the propagation time of the acoustic wave and the estimated acoustic velocity. Since the temperature inhomogeneities move with the wind, a Doppler frequency shift is observed that makes it possible to derive the wind speed relative to the beam axis. By measuring the Doppler shift for different beam directions, the full 3-dimensional wind at specific altitudes can be determined. Thereby it is assumed that the flow is horizontally homogeneous over the area containing the different measuring volumes.
NWP data
The non-hydrostatic HARMONIE (Hirlam ALADIN Research on Mesoscale Operational NWP in Euromed; Seity et al., 2011; Brousseau et al., 2011) model is the followup of the hydrostatic HIRLAM (HIgh Resolution Limited Area Model) model; HARMONIE explicitly resolves convective processes. The model grid size of the HARMONIE model version (cy38h1.2) operational at KNMI is 2.5 km, and the HARMONIE model has been available since early 2012 at KNMI. The model domain covers mainly western Europe and part of the North Atlantic and the number of grid points is 800 × 800, meaning that the domain covers a 2000 × 2000 km 2 area. The number of model levels equals 65 with higher density in the lower part of the troposphere. The operational HARMONIE model version at KNMI is nested in the European Centre for Medium-Range Weather Forecasts (ECMWF) model. Note that lateral boundary conditions are ECMWF forecasts, generated from an (global) analysis using a large variety of observation types (SYNOP, radiosonde and satellite information). Table 1 lists the HAR-MONIE version used in the study and its main characteristics. In this study we will only use the 3 h forecast data. Table 2 describes the main characteristics of the observation data sets used in this study. Figure 1 shows an example of the wind data.
The period used in this study runs from 1 January to 30 September 2013 because a rerun of HARMONIE data with version 38h1.2 is used and no more data were available overlapping the Mode-S EHS data set. 
Methodology
To perform a triple collocation it is essential that the data sets are collocated in space and time. In this section the method of collocation is described followed by the description of the triple-collocation methodology.
Collocation algorithm
Observations are regarded at the same when the time difference is less than 5 min. Note that the model has a 3 h cycle (a new run is started every 3 h), which reduces the collocation time window to 10 min every 3 h because we use the 3 h forecast only in this study. We did not interpolate the model to the observation time and the interpolation in space was chosen to be bilinear.
Radar and Mode-S EHS data collocation method
The metrics of the vertical coordinate of radar and Mode-S EHS observation differ: radar radial winds are measured at a certain elevation angle and range, while altitude of Mode-S EHS is given as flight level. The elevation angle and range can be converted into position and altitude (in metres), while flight level is easily converted into pressure altitude (in hectopascals). To enable collocation of a radar and Mode-S EHS observation, additional information on surface pressure, and temperature and humidity profile is needed to convert either pressure into altitude or vice versa. To perform this conversion, the surface pressure, and temperature and humidity profile of an NWP model is used, which is already present at the observation location since NWP is the third data set. This may introduce a correlation between the three data sets, but we think it is negligible. Figure 2 shows schematically the vertical collocation.
Given a Mode-S EHS observation location, a matching radar observation is determined by the following conditions. First of all the distance of the observation location should be at least 50 km away from the radar, because close to the radar the radial wind observations have a large error. The Mode-S EHS observation will not perfectly collocate to the altitude and position of a radar pixel; therefore, radar data points of two closest elevations with a maximal horizontal distance of 2.5 km are considered. Next, the elevation of the surround- ing radar data points needs to be larger than 0.3 • (the lowest elevation angle) and smaller than 6 • . To avoid gross errors, quality checks are included to select a radar data point for triple collocation: at least 10 radar radial velocity observations should be close to the Mode-S EHS location, and the standard deviation of these points needs to be smaller than 0.5 m s −1 . This threshold was used in order to avoid gross errors in radial velocity due to for example ambiguity problems and clutter. One should note that very variable atmospheric conditions are also removed from the data set. The mean radial velocity finally is used as a triple-collocation point when the mean altitude of the radar point is within 200 m of the Mode-S EHS altitude.
Sodar and Mode-S EHS data collocation method
As for radar, the vertical coordinate of the sodar observation is reported in metres. We used the same algorithm based on the temperature and humidity profile to relate this altitude to pressure (or actually flight level). The quality indicators, which are output of the sodar processing, are used to screen the sodar observation prior to collocation. Since the sodar is located near the runway, a very close collocation cannot be obtained; we therefore set the maximum distance between the sodar observation and the Mode-S EHS observation to 5 km horizontal and select the sodar observation closest in altitude.
Triple collocation
We apply the triple-collocation method (Stoffelen, 1998) to find quantitative information on the observation error. This method exploits a data set consistent of three co-located measurements of the same parameter. In this paper we use two different wind data sets; the first consist of Mode-S EHS wind vector observation, sodar, and NWP at Schiphol airport, and the second data set consists of Mode-S EHS, radar radial wind, and NWP. The triple-collocation method determines simultaneously the linear calibration coefficients and the error of the three data sets under consideration. See Stoffelen (1998) and Vogelzang et al. (2011) for more details. Below, a brief description of the method is given.
Assume we have three sets of data X 1 , X 2 , and X 3 , collocated in space and time, where X 1 has the highest (expected) accuracy and X 3 the lowest (expected) accuracy. Since the truth is unknown we take data set X 1 as the unbiased reference (or truth). Assume furthermore that two other data sets have a linear relationship with this truth, that is
where t is the truth and i is the accompanying error, which also contains the representation error, where a i and b i stand for the trend and bias calibration. Note that each data set is calibrated against the one with the highest resolution. After calibration, the data sets are transformed into an unbiased data set, which have an expected value of the error i equal to zero, that is
where denotes the expected value. Assume furthermore that the variance of the errors, 2 i , is independent of the truth t and has a Gaussian signature. As stated by Stoffelen (1998) this is true for the zonal and meridional wind components but not for wind speed and direction. In this paper we use additionally the radial wind component, which is a projection of wind vector on a (varying) azimuth angle, and thus the variance is expected to be independent of the true wind vector with a Gaussian error distribution.
The representativeness of the three observations most likely differ; there is a residual correlation error r 2 of the scales that are represented by the high-resolution observations but are lacking in the relatively low-resolution NWP wind retrievals. Using all above-stated assumptions we are able to find estimates for the unknowns a i and b i ; that is, with M i , M ij and c ij the first and second (mixed) moment, and co-variance, defined as
the unknowns become a 2 = c 23 /c 31 and
Using these values we find that 
A gross error check is performed to remove spurious outliers: the absolute difference of any two observations should be smaller than 4 times the square root of the sum of the (estimated) standard deviations. The only unknown now still is the residual correlation error r 2 . This correlation can be determined by a scale analysis of Mode-S EHS and NWP, following Vogelzang et al. (2011) . The data sets we use in this study consist of wind vector data (Mode-S EHS/sodar/NWP, N = 2429 before gross error check) and radial wind (Mode-S EHS/radar/NWP, N = 8132). For both data sets we need to determine the residual correlation error r 2 . Figure 3a shows the power spectral density (PSD) for the zonal component of the wind from Mode-S EHS (solid line, top) and HARMONIE (dashed bottom line). This graph is constructed using 9 months of Mode-S EHS collocations with HARMONIE. The PSD is calculated using Mode-S EHS data from aircraft, which reported wind for more than 100 km in length at a stable altitude. Note that the data set used to calculate the PSD differs from the triple-collocation data set, because the triple-collocated data set rarely contains points at a stable altitude over a length of more than 100 km. The thin dashed line shows the −5/3 Kolmogorov spectral decay. The PSD from Mode-S EHS lies close to this line, while the HARMONIE PSD is clearly lower displaying the lack of energy in the model at these scales. The area between these PSD represents the variance lacking in the model that is present in the observations; this area is approximately r 2 = 0.312 m 2 s −2 . Figure 3b shows a similar plot but now for the simulated radial wind. We have used the distribution of azimuth angles in the radar radial wind data set to create a radial wind data set from NWP and Mode-S EHS. The area between the PSD for radial wind is around r 2 = 0.285 m 2 s −2 . Stoffelen (1998) estimated the representation error for buoys and scatterometer winds with respect to the ECMWF model to be r 2 = 0.75 m 2 s −2 . This value is much higher than is found for HARMONIE in this study. The difference can not fully be explained by the difference observation (10 m vs. upper-air wind), nor in model resolution, nor in the fact that HARMONIE is a convection resolving model. Moreover, since HARMONIE uses ECMWF boundaries, upper-air characteristics from HARMONIE are linked to the ECMWF model. The main reason for the difference may lie in the fact that the used archived full-resolution model data, which cover an area of a few hundred kilometres and thus scales of more than approximately 400 km are lacking in the determination of the representation error. Furthermore, the HARMONIE model adds underdetermined turbulence on scales which are not initialized and are not observed by independent observations. This would add more (unrealistic) energy to the HARMONIE PSD, which results in an underestimation of the representation error. The difference in representation error needs further research but is not discussed here.
The representative error has some relation to the azimuth angle (zonal component of the wind is equal to a radial wind observed with an azimuth angle of 90 • ); see Fig. 4 . Each point in this figure is based on the mean value of PSD determined from the data set of wind vectors mapped to the radial component using a prescribed azimuth. Not surprisingly the residual error exhibits a bi-periodic behaviour, which is due to the fact that the errors of opposite vectors are identical. The periodic behaviour of the residual error may be due to the fact that u wind is way stronger than v wind component in Northern Hemisphere. It may well be that the model underestimates the wind shear -thus influencing the zonal and meridional representation error differently. Houchi et al. (2010) showed that the ECMWF model has a smaller mean and variability in wind shear compared to radiosonde, with different factors for zonal and meridional wind shear in the free troposphere (2.5 and 3 respectively). Also shown in this figure is the residual correlation when converting the wind vector to a radial wind component using the distribution of azimuth angles observed in the Mode-S EHS/radar data set. The resulting residual correlation error lies close to the mean value of the azimuthal residual errors.
Results

Mode-S EHS and sodar wind observation error
Now that we have estimated the residual error we can use the triple-collocation method to determine the observation errors. Figure 5 shows the observation error of Mode-S EHS and sodar for different azimuth angles. From the original A data set consisting of 9 months of Mode-S EHS collocations with HARMONIE was used to create a data set of radial wind for each azimuth angle. The dashed line shows the residual error using the observed distribution of azimuth angles in the Mode-S EHS/radar/NWP data set. wind vector a radial component is constructed using a prescribed azimuth angle. Each error estimate is determined using 10 subsets of the data set, and consequently an uncertainty of the estimated error can be determined. This uncertainty is denoted by the shaded areas in Fig. 5 .
Both wind observation errors have a clear azimuth dependence and exhibit again a bi-periodic behaviour; the errors of Mode-S EHS are between 1.2 and 1.5 m s −1 , while sodar errors are within approximately 0.9 to 1.3 m s −1 . The amplitude of Mode-S EHS radial wind errors is smaller than the sodar amplitude. The size and signature of the amplitude of the sodar might be related to the observation method ex- The trend and bias with respect to the first data set are simultaneously estimated by the triple-collocation algorithm. Obviously, the bias has no effect on the estimated observation errors; however, it can be informative because it gives information on the mean difference with the truth. The trend displays the scaling of the data set with the truth. Figure 6 shows the trend and bias for the radial wind component of the Mode-S EHS/sodar/NWP data set. The trend of Mode-S EHS is close to 1, indicating that radial wind observations are of the same order. The trend of NWP lies clearly below 1 (0.96 ± 0.02); the radial NWP wind is overestimated when compared to sodar (and Mode-S EHS) radial winds. Note that the trend has a bi-periodic behaviour. The bias shows a different signal, both periodic in azimuth with the same phase. Since the signal is equal for both NWP as Mode-S EHS, the origin must lie in the sodar measurement and might be related to the method of observation using three beams or in an azimuth offset. This needs further research.
Mode-S EHS, radar and sodar wind observation error
Next we discuss the consistency between the estimated Mode-S EHS error from both data sets by inspection of the Table 3 . These statistics show consistency between both triplecollocation data sets when taking into account the observed uncertainty of the estimates. Due to the small numbers of Mode-S EHS observations satisfying the azimuth angle conditions, the uncertainty for the estimates based on the Mode-S EHS/radar/NWP data set is larger than for the other triple-collocation data set (for the latter all observations can be used obviously). The uncertainty range of the Mode-S EHS/radar/NWP estimates overlaps the uncertainty of the Mode-S EHS/sodar/NWP. The Mode-S EHS error is approximately 1.4 to 1.5 m s −1 near the surface. Note that the zonal Mode-S EHS observations are found at a higher altitude, which, as we will see later, influences the magnitude of the error slightly.
The meridional component statistics, shown also in Table 3, are obtained by selecting angles smaller than 15 • and larger than 345 • azimuth, and between 165 and 195 • azimuth. The estimate of the observation error is larger than the one for the zonal component, but the difference is of the order of 0.1 m s −1 . Again the uncertainty of the Mode-S EHS/radar/NWP observation error is larger than the uncertainty from the other data set, and again there is a clear overlap of the uncertainty intervals.
We now focus on the radial wind component of the Mode-S EHS observation error. The result of the triple collocation for all radial wind component is shown in Fig. 7 . The error bar denotes again the spread of the triple-collocation standard deviation estimates by dividing the data sets into 10 subsets and estimating the observation error for each subset.
The lowest data point originates from the triple collocation of Mode-S EHS/sodar/NWP, where we created radial wind observation from the wind vectors using the azimuth distribution as observed by the other data set. The other data points in Fig. 7 are based on triple collocation of radial wind observations from the Mode-S EHS/radar/NWP data set. Apart 4148 S. de Haan: Mode-S EHS wind observation error Figure 7 . Mode-S EHS radial wind error estimates from the two triple-collocation data sets with respect to altitude. Error bar indicates the uncertainty of the error estimates based on error estimates determined from 10 subsets. The size of the data sets is denoted by the numbers on the right. from levels higher than 600 hPa the estimated error is slightly below 1.5 m s −1 . The higher levels deviate from 1.5 m s −1 , which is related to the distribution of the azimuth angles used to estimate the Mode-S EHS observation error, as can be seen in Fig. 8 , where the azimuth distribution is shown in bins of 30 • for the different altitude bins. It is clear from this figure that the two highest estimates (higher than 600 hPa in Fig. 7 , the triangles in Fig. 8 ) have a clear different signature in azimuth distribution than the lower four estimates. Because the azimuth distributions differ substantially, the reconstructed radial wind data set of the highest levels is not consistent with that of the lowest levels. The distribution of the azimuth angles will influence the magnitude of the observation error estimate (see Fig. 5 ). In order to have a better comparison between error estimates at different levels, a resampling of the data sets is performed, such that the azimuth distribution for each level matches the azimuth distribution of the whole data set. We used the distribution in 30 • bins as a reference. Figure 9 shows the resampled distributions. When two or more observed azimuth values are present in the original bin, the resampled bin is filled by randomly sampling (with replacement) from this bin until the number found is exactly equal to that of the reference bin. Note that when a bin contains none or only one azimuth value this bin is skipped. When this occurs, it will influence the number data points in the other bins, because the total number of data points of all bins is kept constant. The consequence is that the azimuthal distributions will differ from the reference distribution, as can be seen in Fig. 9 for the azimuth distribution of the lowest level (960 hPa, open square) and the highest level (538 hPa, solid triangle). All other new azimuth distributions match the reference very well (Fig. 9) .
The resulting estimates of Mode-S EHS observation error after resampling are shown in Fig. 10 . Again, each data set is subdivided into 10 subsets, which are subsequently used to estimate the uncertainty of the observation error estimate using triple collocation. In general the estimates are slightly smaller than without resampling, while the estimate uncertainty is slightly larger, especially for the highest level. The overall increase in uncertainty is related to oversampling of the data set. For example, the increase of uncertainty observed for the top level is due to the relatively small number of data points in the altitude bin for this level. It appears that the observation error decreases with altitude above 800 hPa. The numbers used in the triple-collocation increase also slightly because of the resampling, which selects multiple data points from an undersampled (original) bin.
Finally, we present the trend and bias for the resampled radial wind data sets (see Table 4 ). Again the trend of Mode-S EHS is around 1 with a small uncertainty obtained by split- 
Conclusions and outlook
In this study we applied the triple-collocation technique to estimate the Mode-S EHS observation error. We used two triple data sets consisting of Mode-S EHS/sodar and NWP, and Mode-S EHS, radar, and NWP. Using the first data set an estimate of the two horizontal wind vector components was found for observations with an altitude of at most 700 m. The estimated observation error for the wind components was around 1.40 m s −1 for the zonal component of the wind and 1.45 m s −1 for the meridional component of the wind. The uncertainty of these estimates is 0.1 m s −1 . The second data set is used to estimate the Mode-S EHS observation along the line of sight of a radar beam. Using this data set, knowledge was gained on the vertical behaviour of the observation error. It turns out the radial wind observation error is not constant with azimuth angle but that the Mode-S EHS observation errors of the zonal and meridional component are more or less equal to each other and to the Mode-S EHS observation error constructed using the actual azimuth angle distribution. The observation error of Mode-S EHS wind vector projected on the radial component has some dependence on altitude. The projection is performed using the distribution of the azimuth as observed in the Mode-S EHS/radar/NWP data set. It appears that, after resampling, from the surface to 800 hPa the observation error is between 1.2 and 1.4 m s −1 , while from 800 to 500 hPa the error decreases from approximately 1.5 to 1.1 m s −1 . However, the uncertainty of the observation error estimate increases with increasing altitude.
In many previous studies to assess the accuracy of aircraft wind observations, a second observing system was used. This implies that, when looking at the statistics of the differences, the error estimates contain errors from both systems and are in fact (at least) a factor of √ 2 larger than the real error (in case we know the "truth").
The study at hand uses data over a period of 9 months. A longer period would be preferable, but the overlap of availability of Mode-S EHS and a consistent HARMONIE data set was limited to only 9 months. It is anticipated in future research to investigate seasonal effects.
Simultaneously with the estimation of the wind vector error for Mode-S EHS, the error of sodar is estimated. It turns out that the wind vector from sodar is of good quality and therefore could be used for assimilation in HARMONIE. The triple-collocation method can also be used to determine observation error correlation when the measurement systems have a good spatial coverage at collocated time.
